Abstract-This paper presents the design of liquid detection sensor with low-frequency electromagnetic field. The purpose of this sensor is to detect a change in the conductivity or permittivity of the liquid. If the evaluation frequency is less than 100 kHz, skin effects would be negligible. This paper proposes sensor that consists of two cylindrical sensors, a solenoid coil and a cylindrical capacitor. For an ideal shape condition, estimation methods for inductance and capacitance have been already proposed. However, the practical issues need to be clarified. It starts with fabrication of several coils and capacitors, to confirm the validity of the estimation methods. From experimental results, it was found that, the estimation error and existence of the parasitic element could not be neglected. This paper also presents a liquid detection demonstration with fabricated sensors based on differences in conductivity and permittivity.
INTRODUCTION
Nowadays, nondestructive electromagnetic inspections are commonly used in several applications such as metal detectors and liquid survey instrument in plastic bottles [1] . Grading of oil palm fresh fruit bunches is also a unique and good example in agricultural applications [2] . RF sensor for multiphase flow measurement through an oil pipeline is an industrial application which uses high frequency electromagnetic fields [3] . Conventionally, the frequency of the electromagnetic field used in nondestructive inspections is in the order of MHz. Therefore the depth which can be inspected is limited by skin effects. This paper proposes a liquid detection method with an electromagnetic field under 100 kHz. Most of liquids are nonmagnetic material and their conductivity of liquid are less than 100 S/m [4] . Thus skin depth under 100 kHz is over 50 m. It means that liquid detection with an electromagnetic field under 100 kHz makes free from the skin effect. In other words, using the electromagnetic field can inspect the center of the sample. This paper proposes two specific methods.
The first method uses differences in conductivity. Liquid is set in a coil which is excited by an alternating current. Thus the changes in conductivity of the liquid sample produce the changes in inductance.
The second method uses differences in permittivity. Liquid is set in cylindrical capacitor which is excited by an alternating current. The changes in permittivity of the liquid sample produce the changes in capacitance.
In both methods, the estimation of inductance and capacitance is very important issue. This paper presents the design and experimental confirmation of solenoid coils and cylindrical capacitors as a sensor to liquid detection.
II. EXPERIMENTAL SETUP
A. Sensors Table I and II show the setup of a solenoid coil and a cylindrical capacitor. In this paper, two types of the solenoid coils with difference ratio of the length, l to the outer diameter, D O was considered. Conversely, four types of cylindrical capacitors with difference of gap angle, θ was considered. 
B. Estimation
In this paper the solenoid coil was considered to be a finite solenoid coil. A finite solenoid coil's inductance, L S (H) is estimated by (1), (2) .
Where C represents Nagaoka coefficient [5] , r represents mean radius of the coil, and N represents number of turn. The capacitance of a cylindrical capacitor, C S (pF) is estimated by (3) [6] .
Where K represents the complete first-order elliptic integral of modulus, k as defined by k = tan 2 (θ / 4), and K' represents the complete first-order elliptic integral of modulus, k' as defined
C. Experimental setup
Fig . 2 shows the experimental setup. Measurement parameters were the frequency response of inductance L S and capacitance C S . These were measured using an impedance analyzer (4294A, Agilent). The measurement condition was a current source whose amplitude was 20 mA. The measured frequency range was 100 kHz, the number of sampling was 801 points, and frequency width was 125 Hz. The error ε (%) is defined by (4)
Where A and B represent the measured and estimated value, respectively.
III. EXPERIMENTAL RESULT
A. solenoid coils Fig. 3 shows experimental result of solenoid coils, estimated values, and range of the error within ± 5 %. According to (1) , the estimated inductance does not depend on frequency. However, experimental results show contradiction. In Fig. 3-(1) , measured inductance decreased as frequency increased. Compared with lowest measured frequency, the value of inductance at 90 kHz decreased at the rate of 1/√ 2. In addition, inductance was erratic around 60 kHz.
In Fig. 3-(2) , it was found that coil had a resonance frequency at 42.6 kHz. However, the measurement results are consistent within the estimation: with the error was ± 5 %, when the frequency was less than 10 kHz. These phenomena could be caused by the parasitic capacitance and effect of leads. Considering from additional experiment: estimating parasitic capacitance with measured resonant frequency change when capacitor was connected in parallel, parasitic capacitances of solenoid coil (a) and (b) were estimated as 12.7 pF and 6.1 pF, respectively. Fig. 4 shows the experimental results for the cylindrical capacitor, estimated values, and range of the error within ± 5 %. According to (3), estimated capacitance does not depend on frequency. However, experimental results show contradiction. This could be because of parasitic impedance. For example in Fig. 4-(1) , there is discrepancy between measured and estimated values around 75 kHz. On the other range of frequency, both measurement and estimation result was almost agreed. Cylindrical capacitors, (b) and (c) had similar behavior. It seems that the resonance phenomena may cause by parasitic inductance of leads. Although the estimated inductance were from 150 to 500 mH, they are not acceptable for the leads. Further consideration will be needed to yield any findings about this phenomenon. In Fig. 4-(4) , the cylindrical capacitor (d) did not have a frequency which agreed with measured capacitance within ± 5 % error. Fig. 5 shows the relationship between gap angle and average error, ε ave (%). The average error is defined by average value of the error, ε from 20 kHz to 60 kHz. When the gap angle was less than 90 degree, the error was less than ± 5 %. However the average error was -40 % when gap angle became 135 degree. Fig. 6 shows the frequency at which the average error is within ± 5 %. From the previous section, the solenoid coil and cylindrical capacitor had differences between measured and estimated values. Because the solenoid coil (a) and cylindrical capacitor (a) had the lowest error compared to the others, they were tested for the liquid detection sensor. Table III shows the conductivity and permittivity of liquid samples. According to Table III , each conductivity and permittivity have gaps of more than 10 times. Fig. 7 shows liquid detection demonstration results with solenoid coil (a). Sample liquid sealed in a 1500 ml plastic bottle was set in the center of the solenoid coil (a). Fig. 7 also shows the estimated value and range of the error within ± 5 %. When salt water or water was set, the measured inductance at 100 kHz increased by more than 5 %. In contrast, when salad oil was set, inductance did not change. This is because the conductivity of salad oil is over 10 times less than the others. Therefore, the inductance was changed by conductivity of a liquid was verified.
B. Cylindrical capacitor

IV. DEMONSTRATION OF LIQUID DETECTION
Similarly, sample liquid sealed in a 555 ml plastic bottle was set in the center of the cylindrical capacitor (a). The results are shown in Fig. 8 . When salad oil or water was set, the measured capacitance under 60 kHz increased 53 % and 7%, respectively. Therefore, the capacitance was changed by permittivity of a liquid was verified.
V. CONCLUSION
This section shows outline the key concepts of this paper. This paper proposed design of solenoid coil and cylindrical capacitor to detect liquid using differences in conductivity and permittivity. The estimated values of the inductance and capacitance were acceptable at low frequency. A solenoid coil and cylindrical capacitor demonstrated the ability of the liquid detection. From the results, important tips were found;
(1) Estimated inductance of solenoid coils were capable below 20 kHz. The parasitic capacitance should be considered.
(2) Estimated capacitance of cylindrical capacitors were acceptable below 60 kHz, when the gap angle were less than 90 degree. The parasitic inductance may not define the resonance frequency. The equivalent circuit should be considered.
(3) An increase in conductivity of a liquid samples produces an increase in the measured inductance of a solenoid coil. The quantitative confirmation will be needed by FEM analysis in near future.
(4) An increase in permittivity of a liquid sample produces an increase in the measured capacitance of cylindrical capacitor. By using both sensors, the liquid detection was successfully demonstrated. Table III Conductivity and permittivity of liquid samples [7] . 
